To determine the relationships among the processes of uptake, intracellular pool formation, and incorporation of amino acids into protein, we measured the uptake of dipeptides and free amino acids by bacterial assemblages in estuarine and coastal waters of the southeast U.S. The dipeptide phenylalanyl-phenylalanine (phe-phe) lowerd V,,,,, of phenylalanine uptake when the turnover rate of phenylalanine was relatively high. When the turnover rate was relatively low, phe-phe either had no effect or increased V,,,,, of phenylalanine uptake. An analytical model was developed and tested to measure the turnover time of the intracellular pool of phenylalanine. When phe-phe was not added the turnover time of the intracellular pool was 0.89 min. Addition of 1.0 nM phe-phe increased the turnover time of this pool to 3.8 min in waters where phe-phe lowered V,,,,, of phenylalanine uptake. These results suggested that the size of the intracellular pool is regulated, which precludes high assimilation rates of both phenylalanine and phe-phe. In waters with relatively low phenylalanine turnover rates, bacterial assemblages appear to have a greater capacity to assimilate phenylalanine and phe-phe simultaneously. Marine bacterial assemblages do not substantially increase the apparent respiration of amino acids when concentrations increase. We conclude that sustained increases in uptake rates and mineralization by marine bacterial assemblages in response to an increase in the concentration of dissolved organic nitrogen is determined by the rate of protein synthesis.
Metabolic regulation of amino acid uptake may prove to be the dominant intracellular mechanism by which total bacterial biomass production is controlled in aquatic environments. Recent studies have suggested that the uptake of free amino acids is a large fraction of bacterial biomass production (Lancelot and Billen 1984; Ferguson and Sunda 1984) . Kirchman and Hodson (1984) showed that most of two amino acids (L-leucine and L-phenylalanine) assimilated by bacterial assemblages are incorporated into bacterial protein, which is about 50% of total bacterial biomass in culture (e.g. Ingraham et al. 1983 ) and in natural assemblages (Hagstrom et al. 1984) . Bacteria in pure culture and natural assemblages (Kirchman et al. 1985) utilize extracellular amino acids for protein synthesis in preference to synthesizing amino acids de novo.
Amino acid uptake consists of the active transport of an amino acid across the bacterial membrane into a free amino acid internal pool. The amino acid may then be incorporated into protein. We have been using dipeptides to examine the relationships among the processes of transport, possible pool buildup, and the incorporation of amino acids into protein (Kirchman and Hodson 1984) . Dipeptides are assimilated by transport systems distinct from those transporting individual amino acids (see Payne 1980) . Once transported across the membrane, dipeptides are quickly cleaved to the free amino acids. The addition of dipeptides to samples from aquatic environments is one way of manipulating the intracellular pool of a free amino acid in bacteria without affecting the extracellular concentration of the free amino acid.
Peptide uptake probably has a role in the turnover of extracellular protein (Hollibaugh and Azam 1983) . The concentration of combined amino acids in seawater, including proteins and low molecular weight peptides, is much higher than that of free amino acids (Lee and Bada 1977) . However, * This research was supported by NSF grants OCE 81-17834 and OCE 84-16384 and NOAA Sea Grant high molecular weight proteins cannot be NA 80AA-D-009 1. A contribution of the Marine Inassimilated directly by bacteria (Law 1980) . , ture (Payne 1980) and in mixed assemblages 339 from freshwater and marine environments (Kirchman and Hodson 1984) assimilate peptides in preference to free amino acids. Thus, the turnover rate of low molecular weight peptides is likely to be as high as or higher than the turnover rate of free amino acids, and these peptides may support a significant fraction of total bacterial production. Kirchman and Hodson (1984) showed that [3H]phenylalanine uptake is inhibited by the dipeptide of phenylalanine, L- phenylalanyl-L-phenylalanine (phe-phe), and that [3H]leucine uptake is inhibited by the dipeptide of leucine, L-leucyl-L-leucine (leu-leu). These results and others indicated that amino acid uptake is tightly coupled with protein synthesis (Kirchman and Hodson 1984) . We examine here in further detail the interactions between peptide and amino acid uptake and explore how the metabolism of bacterial assemblages may respond to increases in dissolved organic nitrogen. Our results suggest that the phenylalanine uptake is regulated by the rate of protein synthesis in water masses with relatively high phenylalanine turnover rates. However, bacteria appear to have a greater capacity to assimilate added phe-phe and phenylalanine simultaneously when the phenylalanine turnover rate is relatively low.
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Methods and materials
Sample collection -Unless indicated otherwise, the experiments reported here were done with water samples collected at Marsh Landing, Sapelo Island, Georgia, from August to November 1983. In a week-long survey of amino acid and peptide uptake, samples were taken 0.5 m below surface at a site 1 .O km upstream from Marsh Landing on the Duplin River and experiments were started in the laboratory within 1 h. Incubations were at the in situ temperature, 27°C.
One series of experiments was done on the RV Cape Hatteras with samples collected from two stations on the continental shelf offshore of the southeastern United States; the precise location is given with each experiment below. Seawater was collected 5 m below surface with Niskin bottles and experiments were started immediately.
Ecfect of dipeptides on amino acid uptake-Different concentrations of dipeptides were added to seawater samples to determine their effect on [3H]amino acid uptake. The specific activities of the [3H]amino acids used were phenylalanine, 60 &i nmol-l; alanine, 14; and glycine, 44.2. The nonradioactive dipeptides were added first, followed immediately by the [3H]amino acids, to 5-or 1 O-ml seawater samples. Uptake was stopped by filtration and the filters were rinsed twice with 3.0 ml of cold filtered seawater (Millipore filters, 0.22~ym pore diam) and radioassayed. Unless time-courses are given, uptake rates were based on the amount of radioactivity collected from subsamples filtered immediately after addition of the C3H]amino acid and again after 1 h; uptake was linear during the 1 h incubation. Kirchman and Hodson (1984) give more details of the methods used.
We examined the effect of phe-phe on the kinetics of phenylalanine uptake by measuring the uptake of [3H]phenylalanine in the presence of various concentrations of nonradioactive phenylalanine (0, 5.0, 10, 20, 30 , and 50 mM) and phe-phe (Wright and Hobbie 1965) . Uptake of ["Hlphenylalanine (added concn of 0.5 nM) was measured in replicate subsamples at each concentration of nonradioactive phenylalanine as described above. The incubation time was 1.0 h.
We also examined the effect of glycyl-glytine (gly-gly) on [3H]glycine uptake and the effect of L-alanyl-L-alanine (ala-ala) on [3H]alanine uptake. The uptake of one concentration of the [3H]amino acid (0.5 nM) was measured in the presence of different concentrations of dipeptides (replicate subsamples for each concentration). Incubation time was 1.0 h.
Uptake of 14C-labeled glycyl-L-phenylalanine-The uptake of 14C-labeled glycyl-L-phenylalanine in the presence of different dipeptides was measured in a preliminary experiment to determine whether all dipeptides are taken up by the same transport system. Glycyl-L-phenylalanine (gly-phe) was examined because it is the only radioactive dipeptide commercially available (Amersham). Uptake of gly-[ 14C]phe (added concn, 0.1 PM; sp act, 25 FCi pmol-l), which is uniformly labeled only in the phenylalanine moiety, was measured over time in the presence of different dipeptides (added concn, 1 .O PM). Subsamples of 10 ml were taken at the indicated times and filtered and the filters rinsed twice with 3.0 ml of cold filtered seawater and radioassayed.
The uptake and respiration of [14C]glyphe, which is uniformly labeled only in the glycine moiety, was measured to examine further the uptake of gly-phe in the presence of different dipeptides. Respiration was measured by the method of Hobbie and Crawford ( 1969) . The incubation time was 5 h. The concentration of [14C]gly-phe was 0.10 PM (sp act, 16.4 &i pmol-l) whereas the concentration of the various unlabeled dipeptides was 1.0 yM. Recovery of the added label was 95%.
Size of the intracellular pool of phenylalanine-To test the hypothesis that phephe affects phenylalanine uptake via the size of the intracellular pool of phenylalanine, we examined how the addition of phe-phe changed an indirect measure of that intracellular pool size. B&ten and McClure (1962) showed how the intracellular pool size may be calculated from incorporation of radiolabeled amino acids into protein. Ingraham et al. (1983) used the data of Schleif (1967) and presented most clearly a graphical method (Fig. 1) . The basic concept is that radioactivity will not appear in protein immediately after addition of [3H]amino acids because there is no radioactivity in the intracellular pool, i.e. the specific activity is zero. As the [3H]amino acid is transported into the intracellular pool, the specific activity increases and radioactivity begins to appear in protein. Even when the rate of protein synthesis is constant, the amount of radioactivity in the protein fraction will increase exponentially as the specific activity of the intracellular pool in- creases. The rate at which radioactivity accumulates in protein will become linear when the internal pool approaches isotopic equilibrium with the extracellular pool, and this period is a measure of the turnover time of the intracellular pool. Following is a mathematical model which shows that incorporation of radioactivity into protein can be used to calculate the turnover time of the intracellular pool.
The turnover time of the intracellular pool (7) is 7 = SiIP (1) where Si is the intracellular pool concentration, and P is the rate of protein synthesis. Protein synthesis is assumed to be the predominant pathway by which an amino acid is removed from the internal pool; for phenylalanine this is a valid assumption, since respiration of phenylalanine is low (about 10%) and nearly all of the [3H]phenylalanine assimilated is incorporated into protein (see Fig. 56 ). Equation 1 is analogous to calculating turnover times of extracellular amino acids by dividing the amino acid concentration by the uptake rate. The problem then is to determine how to estimate 7. As a first approximation we used a threecomponent model (extracellular pool, intracellular pool, and protein) with two fluxes (transport into the pool and incorporation into protein). Appearance of radioactivity over time in the intracellular pool and protein is described by
with rO, ri, rp the radioactivity in the extracellular pool, internal pool, and protein fraction; S, and Sj the extracellular and intracellular concentration of amino acids (which do not have to be known, as will become obvious below); and A the transport rate from the extracellular pool to the internal pool. The above equations can be derived from standard tracer kinetic theory (see Smith 1974) . They apply to one uptake system only. As will be shown below, the approach suggested here is valid even if several bacterial species are present with different transport rates and pool sizes. We assume that rates of transport and protein synthesis and pool concentrations are constant during the experiment, a valid assumption given the short incubation times (~5 min) and small added concentrations (1 nM). Thus, a solution for rp is obtained by solving Eq. 2, substituting ri into Eq. 3, and noting that when t = 0, rp = Oi
As the intracellular pool becomes labeled and approaches the specific activity of the extracellular pool, the exponential term [exp ( -PtISJ] becomes insignificant and radioactivity in protein (rJ increases linearly. Thus, after substituting Eq. 1 into 4, we get
The intracellular turnover time then is the X-intercept of the linear increase of radioactivity in protein, i.e. T is the value of t when rp is set to zero (or abiotic sorption of radioactivity). A practical equation and the graphical method for calculating the intracellular turnover time are given in Fig. 1 . The practical equation corrects for abiotic adsorption of radioactivity (time-zero radioactivity). The parameters, Y-intercept and slope, and their standard errors are determined from linear regression analysis. It is important to establish that the Y-intercept is significantly different from time-zero radioactivity.
This approach for estimating the turnover time of the intracellular pool is valid even when several bacterial species with different rates of protein synthesis and transport pool sizes are present. Equation 5 can be modified so that the observed linear increase of radioactivity in protein is the sum of any number of uptake systems:
where rPj, Aj, and Tj are radioactivity in protein, transport rate, and intracellular pool size of the jth species. The derivation of the average intracellular turnover time (7) is similar to that in the single species case: z) (AjTj) 'T= c Aj ' This weighted average is biased toward those species that account for the greatest proportion of total uptake of the amino acid. Species not assimilating the [3H]amino acid are not included in the measure, which is the objective of the entire approach. For the actual experiment described here we will use the term "pool-labeling time," which emphasizes that only organisms assimilating the [3H]amino acid are included in +. Williams (1973) showed that the Wright and Hobbie (196 5) approach for examining the uptake of organic compounds will not give easily interpretable results when several uptake systems are present. This is not a problem when measuring ? if only one concentration of amino acid and dipeptide are added. The different rates of protein synthesis and turnover rates of intracellular pools "add up" in an interpretable fashion cell fraction) was measured in order to estimate the pool-labeling time of phenylalanine. The concentration of [3H]phenylalanine was 0.5 nM, the concentration of phe-phe 1.0 nM. The dipeptide was added 15 min before the [3H]phenylalanine so that all intracellular parameters could reach equilibrium. Incorporation during the shortest incubation periods (0, lo,30 and 45 s) was measured with five replicates by adding [3H]phenylalanine to 5-ml subsamples of seawater collected at Marsh Landing. After the indicated incubation times 0.5 5 ml of 50% TCA was added and the subsamples were mixed thoroughly. Incorporation of [3H]phenylalanine during longer periods of incubation (between 1 and 5 min) was measured by adding [3H]phenylalanine to 55 ml of seawater. After the indicated times duplicate 5.0-ml subsamples were removed and added to 0.5 5 ml of 50% TCA. The subsamples were then extracted in a hot water bath (85OC) for 30 min. When cool the subsamples were filtered through Millipore (0.22 pm) filters and rinsed twice with 3 ml of cold 5% TCA. for data without bars the errors were smaller than the points. The data used for this figure and SE of turnover rates are given in Table 2 .
Statistical analysis -Data on the uptake of [3H]phenylalanine in the presence of phephe were analyzed by nonlinear regression techniques (Li 1983 ). The regression parameters are given + their standard errors. Data on the turnover times of the intracellular pool were analyzed by standard linear regression techniques, and the standard errors reported were calculated with the equations provided by Bevington (1969) (Table 1) .
Results
Efect of phenylalanyl-phenylalanine on phenylalanine uptake-To determine the effect of phe-phe on C3H]phenylalanine uptake in a marine system and to examine the relationship between the effect of phe-phe on the uptake and turnover rates of phenylalanine, we measured phenylalanine uptake in the presence of 1.0 nM phe-phe in the salt marsh estuary at Sapelo Island, Georgia, during the last week in August 1983. Both the maximum uptake rate (I',,,) for phenylalanine measured with and without the addition of phe-phe and the turnover rate of phenylalanine varied over the weeklong sampling period (Fig. 2) . To some extent, the variation in the effect of phe-phe On Vmax was correlated with turnover rate. On the first day when the turnover rate was the highest of the sampling period [25.8 + 2.9 (SE)% h-l], V,,, decreased by 40% with the addition of 1.0 nM phe-phe. On the third day when the turnover rate was lowest (7.5 -to. 1% h-l), V,,, increased by 94% with the addition of 1.0 nM phe-phe. However, the relationship between turnover rate and the effect of phe-phe on phenylalanine uptake was more complex during the second half of our sampling period (24 and 26 August): the addition of phe-phe either lowered or had little effect on V,,, of phenylalanine uptake when the turnover rate increased from 7.520.1 to 20.640.3% h-l.
Graphs of turnover time (t/f) vs. added phenylalanine concentrations were linear, although the turnover time of the 50 nM addition was often lower than expected with a single uptake system. A complete analysis of multiphasic uptake kinetics would have been possible only if higher concentrations of phenylalanine had been tested (Azam and Hodson 198 1) .
The addition of 1 .O nM phe-phe did not significantly increase (K + s) of phenylalanine uptake (Table 2) ; (K + s) is the halfsaturation constant (K) plus the in situ concentration (s) (Wright and Hobbie 1965) . In fact, (K + s) decreased significantly in three samples when V,,, also decreased (Table 2) . During the first 3 days (K + s) was about 10 nM when the effect of phephe on vrnax of phenylalanine uptake appeared to covary with the phenylalanine turnover rate. In contrast, when there was no clear relationship between turnover rate and the effect of phe-phe on V,,,, during the second half of our sampling period (Fig.  2) , (K + s) was much higher (range, 27-7 1 nM). These (K + s) values were probably much higher than the in situ concentration (s), as also noted by Crawford et al. (1974) . The lack of an increase in (K + S') of phenylalanine uptake following the addition of phe-phe indicates that amino acids and peptides are transported by separate transport systems; this has been shown for pure cultures (Payne 1980 ) and for a freshwater lake (Kirchman and Hodson 1984) .
The experiments at the salt marsh estuary at Sapelo Island suggested that adding phephe decreased V,,, of phenylalanine uptake when the phenylalanine turnover rate was relatively high but increased V,,, when turnover rate was relatively low. To provide more evidence in support of this observation, we measured phenylalanine uptake in the presence of phe-phe at two stations along a front in coastal waters off Georgia. One side of the front was a warm water mass (3 l"25.4'N, 79'3 1.3'W) with relatively low chlorophyll concentrations, as determined by in vivo fluorescence. The other side was a cold water mass (3 1"27'N, 79'3 1.3'W) with relatively high chlorophyll concentrations. The phenylalanine turnover rate was 4.2f0.4% h-l in the cold water and 1.5 20.4% h-l in the warm water. The addition of 1.0 nM phe-phe to samples from the cold water mass decreased V,,, of phenylalanine uptake by 53% from 0.34kO.02 to 0.16-tO.01 nmol liter-' h-l, whereas (K + s) decreased from 8.0-k 0.6 nM to 3.7kO.4 nM (Fig. 3) . In contrast, the addition of 1 nM phe-phe to samples from the warm water mass increased V,,, by 30% from 0.036&0.005 to 0.050+0.001 nmol liter-l h-l (Fig. 4) . Furthermore, (K + s) of phenylalanine uptake increased from 2.4kO.5 to 5.lkO.3 nM with the addition of 1.0 nM phe-phe (Fig. 4) . These results provide more evidence that the addition of the dipeptide phe-phe lowers V,,, of phenylalanine uptake only when phenylalanine turnover rates are relatively high.
Efect of phenyl-phenylalanine on intracellular pool size of phenylalanine-ICirchman and Hodson (1984) hypothesized that phe-phe inhibited phenylalanine uptake in part because of an increase in the intracellular pool of phenylalanine. Here we used an indirect measure of pool size to test this hypothesis. Direct measurements of the intracellular concentration of phenylalanine were not attempted because of the difficulty of extracting it from only those organisms (primarily bacteria) that assimilate phenylalanine.
Short term incubations showed (Fig. 5a ) that incorporation of [3H]phenylalanine into protein (the hot TCA-insoluble fraction) followed the model illustrated in Fig. 1 . Therefore, we calculated the turnover time of the intracellular pool from the lag time required for radioactivity originating as [3H]phenylalanine to appear in the protein fraction (the "pool-labeling time"). If the pool-labeling time were longer in the presence of phe-phe than without it, we would conclude that the addition of phe-phe increased the intracellular pool size of phenylalanine. When phe-phe was not added the poollabeling time of phenylalanine was 0.89 min (Fig. 5a ). The addition of 1 nM phe-phe increased it significantly, to 3.8 min (Student's t-test; P < 0.05). About 33% of the increase was due to the decrease in the transport rate of [3H]phenylalanine caused by adding 1 .O nM phe-phe. The 33% factor was calculated by comparing the linear incorporation rate (R) with and without adding 1.0 nM phe-phe [33% = 1 -(760/1,129) x 100; Fig. 5a ]. (Although incorporation of radioactivity into protein in the presence of phe-phe was not measured after 5 min in the experiment reported here, the linear increase undoubtedly would have continued; we have never observed phe-phe to inhibit all phenylalanine uptake, and uptake with and without added phe-phe is always linear for at least 30 min; e.g. Fig. 5b .) The poollabeling time corrected for the reduction in the transport rate of [3H]phenylalanine is then 2.5 min [2.5 = 3.78 x (760/1,129); Fig.  5a ]. Thus, the addition of 1.0 nM phe-phe increased the intracellular pool size of phenylalanine by a factor of 2.8 [2.8 = 2.5/ 0.891. Statistical analyses of the results illustrated in Fig. 5a are given in Table 1 .
When phe-phe was not added the lag time before radioactivity appeared in the protein fraction (pool-labeling time) was only observed when incubation periods were 1 min or less. Even with the addition of phe-phe, the lag time was not observed in incubations longer than 5 min. When uptake of phenylalanine was measured over longer incubations (> 15 min) total uptake and incorporation of radioactivity into the cold ([3H]phenylalanine bound to tRNA) and hot (protein) TCA-insoluble cell fractions were apparently linear (Fig. 5b) .
Efect of dipeptides on the uptake of other amino acids-The only dipeptides considered so far here and by Kirchman and Hodson (1984) are dipeptides of leucine and phenylalanine. To determine whether the uptake of other amino acids was affected by dipeptides, we examined the uptake of [3H]glycine and [3H]alanine in the presence of the dipeptides gly-gly and ala-ala.
As before, phe-phe decreased the turnover rate of phenylalanine; however, in the same experiment the addition of ala-ala increased the turnover rate of alanine (Fig. 6 ). The addition of 10 nM ala-ala, which had the greatest effect, increased the turnover rate of alanine by 6 1% over the control with no added ala-ala. Adding gly-gly had no clear effect on glycine turnover. In short, the fac- tors regulating the uptake of amino acids such as phenylalanine and peptides containing phenylalanine differ from the factors regulating the uptake of alanine, glycine, and the peptides containing these amino acids.
Efect of dipeptides on glycyl-phenylalanine uptake-The uptake of [14C]gly-phe and gly-[14C]phe in the presence of various dipeptides was measured to provide .some preliminary evidence of whether all peptides were transported by the same system in marine bacterial assemblages. All the peptides tested, except for gly-gly, inhibited uptake of gly-[14C]phe (Fig. 7) and [14C]glyphe (Table 3 ) by >60%. Inhibition was immediate: no uptake of gly-[14C]phe was measurable after 15 min in the presence of L-leucyl-L-phenylalanine (leu-phe), Lphenyl-glycine (phe-gly) and leu-leu (Fig.  7) . Uptake of [14C]gly-phe in the presence of phe-phe, leu-phe, gly-gly, and leu-gly gave similar results. Gly-gly inhibited gly-[14C]phe uptake by only 5% after nearly 3 h (Fig. 7) , and [14C]gly-phe uptake by only 13% after 2 h (Table 3) . Only a complete kinetic analysis of peptide uptake would determine the mechanism by which the peptides inhibited gly-phe uptake, but these preliminary results are consistent with laboratory experiments showing that all dipeptides are transported by the same transport system (Payne 1980) . With the exception of gly-gly, the addition of dipeptides increased the percent respiration of [14C]gly-phe (Table 3) . For example, adding phe-phe, which inhibited total uptake of [14C]gly-phe by 85%, raised the percent respiration of [14C]gly-phe from 662 1.5 to 76 + 3.0%. Gly-gly, which had little effect on [14C]gly-phe uptake, had no effect on the percent respiration of [14C]glyphe (Table 3) .
Discussion
Bacteria in marine systems are likely to encounter a complex mixture of dissolved compounds which varies spatially and temporally in concentration and composition. The degree to which bacterial assemblages regulate the uptake and utilization of this organic mixture will determine in part how tightly coupled bacterial production and mineralization of organic matter are to changes in dissolved organic carbon (DOC). Since reduced carbon in the dissolved pool ultimately originates from phytoplankton, the metabolic regulation of uptake and utilization of DOC will partly determine the coupling of bacterial production and primary production. In the following discussion, we will use our experiments on amino acid and peptide uptake as a model system to examine how bacterial assemblages may respond to an increase in concentrations of dissolved organic nitrogen (DON). Four distinct processes will be considered: transport, intracellular pool buildup, respiration, and protein synthesis.
The first possible response of bacterial as-semblages to an increase in DON concentrations would be to increase the transport rate for each compound (or group of compounds transported by the same system), as predicted by typical Michaelis-Menten kinetics. However, in the case of selected amino acids and peptides, e.g. leucine and phenylalanine, transport rates probably cannot increase much beyond the rate of protein synthesis (Kirchman and Hodson 1984) . The rate of protein synthesis cannot increase instantaneously, since synthesis of RNA (mostly ribosomal RNA) must increase first (Ingraham et al. 1983) . At least one amino acid -leucine -and probably others such as phenylalanine are not used by bacteria to synthesize other compounds; Kirchman et al. (1985) showed that nearly all of the leucine assimilated by marine bacterial assemblages is incorporated into protein without transformation to other compounds. Percent respiration does not increase with an increase in amino acid concentrations (see below). Therefore, an increase in transport of selected amino acids would result in an increase in the intracellular pool. We suggest that regulation of the intracellular pool size prevents transport rates of selected amino acids from greatly exceeding the rate of protein synthesis. This hypothesis is supported by several lines of evidence.
Our experiments have shown that the pool size of phenylalanine in marine bacterial assemblages did not increase by more than threefold when the input of phenylalanine into the intracellular pool was increased by adding the dipeptide phenylalanyl-phenylalanine (phe-phe); instead, amino acid uptake was limited. Britten and McClure (1962) found that transport of proline by Escherichia coli was strongly suppressed as the intracellular pool size reached steady state. The relationship between the intracellular pool size and the extracellular concentrations was sigmoid, so that the former did not increase beyond a maximum despite increases in the latter. Limitations on increases in intracellular pool size and the transport rate of amino acids may explain the findings of Ferguson and Sunda (1984) that uptake of amino acids by marine bacterial assemblages was nearly saturated by the addition of about 1 nM of an amino acid mixture. One would expect uptake to be easily saturated if in fact intracellular pool sizes were tightly regulated and if the maximum rate of transport were determined by the rate of protein synthesis.
Bacteria may restrict increases in the pool sizes of selected amino acids so as to maintain appropriate rates of synthesis of other amino acids needed for protein synthesis. For example, increases in leucine concentrations not only inhibit the biosynthesis of leucine but also that of valine and isoleucine (Kirchman et al. 1985; Umbarger 1978) . Of course, bacteria in nature are not likely to encounter high concentrations of leucine or phenylalanine unaccompanied by high concentrations of other amino acids. Even so, pool sizes and rates of transport and biosynthesis of amino acids would have to be regulated as long as the composition of amino acid mixtures encountered by bacteria differs from that of bacterial protein.
Thus, limiting transport rates to approximately the rate of protein synthesis is one strategy to avoid large increases in intracellular pool concentrations that might lead to repression of the synthesis of necessary amino acids.
That the size of intracellular pools in marine bacteria is apparently tightly regulated does not imply that such bacteria cannot concentrate amino acids into intracellular pools. It is well known that active transport systems can transport compounds against a concentration gradient of several orders of magnitude (e.g. Britten and McClure 1962) . However, in environments such as the salt marsh estuary at Sapelo Island, the internal and external concentrations may have reached an equilibrium such that no further increase in the transport rate was possible when we began our experiments. In oligotrophic waters this may not have been the case, since phe-phe either had no effect or increased the V,,, of phenylalanine uptake. More work is needed before any conclusion can be reached. For example, we do not know whether the increase in V,,, was specific to phe-phe or whether any organic compound would have served.
A restriction on increases in the intracellular pool size of selected amino acids is part of the reason why dipeptides can inhibit the V,,, of amino acid uptake when amino acid turnover rates are high. Dipeptides would inhibit amino acid uptake if bacteria preferred them over amino acids and, as argued above, if intracellular pool sizes of amino acids could not increase greatly.
Some of the variation in the effect of phephe on phenylalanine uptake could be explained by variation in the turnover rate of phenylalanine, but this was only partially successful. One problem is that we have attempted to apply one physiological model of DON uptake to complex systems in which many parameters varied, including, for example, the species composition of the bacterial assemblages and the concentrations of dissolved free and combined amino acids. Our experiments suggest that more than one uptake system of phenylalanine and phephe was present in the estuarine waters at Sapelo Island. Generally, the same trends were observed when we added 10 nM phephe as those reported for 1.0 nM phe-phe; however, in a significant number of experiments, the results were complex and suggested the existence of multiple uptake systems (Azam and Hodson 198 1) .
Multiphasic kinetics are not incompatible with our hypothesis that the rate of amino acid transport is limited by the rate of protein synthesis. Multiphasic kinetics could exist if rates of protein synthesis by the various species in the bacterial assemblage differed (e.g. because of being in microniches of high DON concentrations) or if the transport rate of a single species were below the rate of protein synthesis and amino acid biosynthesis was substantial. In the latter case, uptake could be multiphasic, even if the rate of protein synthesis were constant and increases in intracellular pool sizes limited. Changes in transport rates, i.e. multiphasic kinetics, may be balanced by changes in rates of amino acid biosynthesis to maintain constant pool sizes.
Another mechanism by which bacterial assemblages in marine systems might rapidly utilize an increase in DON concentrations is to increase catabolism. One measure of the degree of catabolism is the percent respiration of a radiolabeled compound. Kirchman and Hodson (1984) observed that percent respiration of leucine increased only at high leucine concentrations (100 nM). Azam and Hodson (198 1) found that percent respiration of glucose did not increase substantially (from 25 to 3 1%) even at high concentrations. Crawford et al. (1974) did not observe any increase in percent respiration of the amino acids they examined, which included phenylalanine and leucine. A constant percent respiration implies that the rate of respiration increases with concentration and reaches a maximum when the uptake rate reaches V,,,. Thus, based on these studies of amino acids, the rate of respiration (i.e. mineralization of DON) is limited by the rate of protein synthesis when DON uptake is limited by the rate of protein synthesis.
Unexpectedly, the percent respiration of [14C]gly-phe increased with the addition of peptides that did not contain glycine. These results suggest that the concentration of one compound can increase the respiration of another compound if the two are assimilated by the same transport system, even if the compounds are mineralized by different pathways. However, this hypothesis contradicts previous studies showing no increase in respiration with an increase in concentration (see above).
Finally, bacterial assemblages may respond rapidly to an increase in DON concentration by decreasing rates of de novo synthesis of amino acids. Extensive work with pure cultures has shown that the addition of extracellular amino acids results in feedback inhibition of existing enzymes and repression of further expression of enzymes that synthesize amino acids (Umbarger 1978) . We have shown that nanomolar additions of leucine inhibit pyruvate and glucose incorporation into the total protein fraction of bacterial assemblages in several marine environments (Kirchman et al. 1985; D. Kirchman et al. in prep.) . Since pyruvate and glucose are precursors for leucine biosynthesis, these results indicate that the addition of extracellular amino acids can cause a decrease in the rate of amino acid biosynthesis. Because it is energetically more favorable to transport amino acids than to synthesize them de novo, the increased participation of extracellular amino acids in protein synthesis may result in faster growth rates and higher growth efficiencies than before the increased input of DON.
Clearly several parameters of bacterial metabolic processes can change before rates of DNA synthesis and bacterial biomass production "shift up" in response to an increase in DON concentrations. These parameters include transport rates, intracellular pool sizes of free amino acids, respiration, and the rate of amino acid biosynthesis. Our studies indicate that the rate of protein synthesis is an important parameter in determining the uptake rate of at least some DON compounds, i.e. leucine, phenylalanine, and their peptides. Further work is needed to relate the metabolism of these compounds to bacterial growth rates, in situ concentrations of amino acids, and perhaps most important, the rate of extracellular amino acid production. New models will probably be necessary to understand the metabolism of DON compounds that are not incorporated predominantly into protein, which is the case for leucine and phenylalanine (this study; Kirchman and Hodson 1984) . Nevertheless, we believe that a physiological model is the best approach for examining the metabolic response of bacterial assemblages to changes in the supply of dissolved organic compounds, which in part regulates rates of mineralization and bacterial biomass production.
